This paper describes a balancing controller for a 3D multibody model of a human biped. This model-based controller forms a model using a recursive formulation of workspace control. The recursive techniques free the control designer from generating the complicated equations of motion. The paper describes first the biped model and then the recursive workspace controller. Simulation results of the human model reacting to a disturbance are presented.
Introduction
The balancing controller described in this paper is part of a research effort to develop predictive models of human motion. These predictive models must appropriately react to disturbances and produce behaviors that mimic those of human beings. The approach used to develop predictive models is first to create a multibody model of a human biped and then to design control algorithms to command the system to balance, walk, run, jump, adapt to loads, and change directions. These predictive models require the development of efficient simulation techniques to solve numerically the system dynamics in contact with the environment, as well as the development of sophisticated control systems. The equations of motion of multibody systems are nonlinear, lengthy, complex, and can possess a large number of degrees of freedom for a robotic system. The control system must coordinate the degrees of freedom while handling the added complexities caused by the intermittent contact with the environment.
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In this paper, the planar results in [l] are extended to create a workspace balancing controller for a 3D model of a biped. The kinematics and dynamic equations are more complex, and there are more degrees of freedom to control.
The paper first describes the biped model and then presents an overview of the recursive workspace controller. The workspace controller is then described 
Description of Biped Model
The 3D multibody model of the biped consists of a central body and two legs and is shown in Figure 1 . Each leg consists of an upper leg, a lower leg, and a foot. The leg is attached to the central body through a 3 degree of freedom (DOF) spherical joint consisting of two intermediate rigid bodies connected with revolute joints. The knee joint has one degree of freedom and connects the upper leg to the lower leg. The foot is attached to the lower leg through a 2 DOF joint consisting of one intermediate body connected with a revolute joint. The total number of rigid bodies in the system is 13 and the total number of DOF is 18. When both feet are in contact with the ground, the contact effectively decreases the total number of DOF to 6. The bodies are labeled in bold text. The revolute joints are shown with arrows pointing in the positive direction and are labeled with plain text. The left leg components are labeled starting at number 2 while the right leg components start at number 8. The block diagram for the recursive workspace controller is shown in Figure 2 . [5] , and [2] . The recursive workspace controller assumes that the feet axe fixed to the floor. We approximate this condition from a bag base assumption presented in [4] . The approximation assigns the feet a large mass and inertia (approximating the Earth) and sets the feet bias forces to zero.
Mathematical Background
In this section, a brief introduction to the notation used in this paper is presented. See [6] and [7] for more detail and development.
The configuration space of a rigid body is SE(3), the special Euclidean group, formed from the semi-direct product of !It3 and SO (3) where SO (3) is the space of rotation matrices. Consider a frame J and a frame K . The configuration of fra:me K with respect to frame J is represented by gj,k E S E ( 3 ) where gj,k maps points and vectors in frame K to frame J. gj,k can be represented as a 4x4 matrix in the following form:
where p j , k E Et3 is the origin of frame K with respect to frame J and Rj,k E SO (3) is the orientation of frame K with respect to frame J . The inverse is given by
The A operator takes a vector in R3 and converts it into a 3x3 skew symmetric matrix such that w x v = wv. The V operator converts a 3x3 skew symmetric matrix to a vector in !It3.
Consider frame K to be moving over time with respect to frame J such that g j , k is a function of time. A 4x4 twist matrix represents the body velocity of frame K with respect to frame <J and is given by and the twist vector for the body velocity is (3.5) where w ; ,~ is the body angular velocity of frame K with respect to frame J , and vjblk is the velocity of the origin of frame K with respect to frame J represented in frame K .
Algorithm 1 Controller Initialization
given: qb, go,1;
Algorithm 2 Forward Kinematics
Consider another frame L fixed with respect to frame K and let K and L move with respect to frame J . The body velocity of frame L and frame K with respect to frame J is given by
where Ad,,>, is the 6x6 adjoint matrix and is given by
Let frame K and frame L be attached to a rigid body.
Let a wrench, a force / torque pair, act at the origin of frame K and call this wrench 4 . The wrench is a vector in E @ formed by stacking the force vector on top of the torque vector. The equivalent wrench acting at the origin of frame L and denoted Fl is given by the following formula: 
Workspace Dynamics Calculation
The approximate workspace dynamics are calculated through a recursion from the feet to the body. The algorithm calculates the articulated body (AB) inertia [3] and bias forces of the inboard link based on the AB inertia and bias force of the outboard link. The AB inertia and bias forces for the central body are calculated in the last step in the iteration. The calculations are given in Algorithm 3.
The bias forces, Zk, and AB inertias, 4, are first initialized as shown in Algorithm 3. The fixed base approximation is then applied to the two feet. The inboard recursion calculates the AB inertia for each link based on the AB inertia of the outboard link. The approximate workspace inertia is P I , and the approximate Coriolis and gravitational forces are given in 21. Given an external wrench, Fl, acting at the center of mass of the central body, the approximate workspace
The approximate calculation of the workspace inertia is given in [4] based on the big base assumption. An exact calculation of the workspace dynamics for serial chains is given in [8] in terms of the spatial operator algebra.
Desired Wrench Calculation
In this section, the algorithm to calculate the desired wrench acting at the center of mass and written with respect to the body frame is given. The desired wrench is denoted by Ftd and is realized through the joint torques that are calculated in Section 3.7. The desired force is designed to be in the form
where X b is calculated in Algorithm 4. The desired wrench calculation is divided into an orientation component (represented with unit quaternions) and a position component. Refer to [7] for more details.
Desired Wrench Distribution
In this section, the desired body wrench, Ff*, is divided into two contributions: one from the left leg and one from the right leg. Distributing the wrench needs to be done carefully to avoid creating unnecessary and detrimental internal forces and torques.
Let F, be the wrench acting on the right foot from the ground and represented in the body frame of the right foot (link 13). Let Ft denote the corresponding wrench for the left foot (link 7). The desired body wrench is given: F,bd,g1,7,g1 and the desired wrench is divided into a contribution from the left and right legs. The calculation is given and summarized in Algorithm 5.
Algorithm 5 Desired Wrench Distribution
Torque Calciilatiion
The joint torques are now calculated in an outboard recursion given the wrench contributions from the left and right legs. Then update F,bf1 by noting that link k.0 is in equilibrium for the Jacobian calculation:
Simulation Results
The controlled multibody system is created and simulated in Impulse [2] , and simulation results are presented in this section. Impulse is a multibody simulator that handles contact through impulses. The controller is written in C and interfaced to the simulator. The coefficient of friction is 0.3, the coefficient of restitution is 0.2, and the gravitational acceleration is 9.812;. The multibody system initially has zero velocity. The center of mass of the central body is initially placed at (0,0, 103.5) cm, and the central body is initially rotated about the -y axis by 5 degrees. The system is initially slightly above the ground and collides with the ground right after the start of the simulation. degree rotation about the -Y axis. The system begins rising to the desired pose while a 1.8 Kg block is thrown at the body from the position of (50,10,120) cm with a velocity of (-450,0,20) cm/s (approximately 4 lbs. thrown at 10 mph). The block collides with the body at approximately 0.08 seconds. The two feet begin to rise at approximately 0.13 seconds, and the system rests on the front of the two feet as the heels rise. The right foot makes contact with the ground at approximately 0.36 seconds, and the left foot makes contact at approximately 0.38 seconds. During this simulation, the feet drift slowly relative to the ground. The drifting is believed to be an artifact of the contact model. The controller compensates for the collisions, the feet leaving contact with the ground, the impulsive contact forces, and the sliding feet to drive the error to a neighborhood of zero.
The joint angles over time are shown in Figure 3 . The sharp change in joint angles due to the collision can be seen at 0.08 seconds. The feet making contact with the ground at 0.36 and 0.38 seconds is also seen in the data. After these disturbances, the joint angles settle with a small drifting due to the sliding feet.
The joint torques over time are shown in Figure 4 . The torques fluctuate after the collision and have sharp is formed in the workspace of the 3D biped, and the model is efficiently calculated through link to link iterations in the multibody structure. The recursive calculations free the control designer from having to symbolically create the complicated, nonlinear model. The research presented here brings us closer to the goals of our research effort to create predictive models for human motion.
